Abstract-The problem of delay-dependent robust H ∞ control for T-S fuzzy descriptor networked control systems with multiple state time-delays is investigated. First, in terms of linear matrix inequality (LMI) approach, an improved delay-dependent criterion is established to ensure that the descriptor system is regular, impulse free and stable with H ∞ performance. Without using model transformation and bounding technique for cross terms, the criterion is less conservative. With the proposed criteria, we are able to obtain maximum allowable delay bound (MADB) of NCS. Numerical example shows that the proposed criteria are effective and less conservative.
I. INTRODUCTION
In a Networked Control Systems (NCS) all the components of the control system such as sensors, controllers, and actuators along with the plant (to be controlled) are all connected via a real-time network, and the information (reference input, plant output, control effort etc.) between all these devices are all exchanged through communication channels [1] . Such NCS have received increasing attentions in recent years due to their low cost, simple installation and maintenance, and high reliability. In spite of these advantages, insertion of a communication network into the feedback path makes the analysis and design of NCS quite difficult. The study of NCS is an interdisciplinary research area, combining both network and control theories. Hence, in order to guarantee the stability and performance of an NCS, analysis and design tools based on both network and control parameters are required. The stability problem of NCS has been well investigated in [1] - [3] .
Consider a typical NCS with network-induced delays as shown in Fig. 1 Figure 1 . Networked Control Systems computational delay of the processor. This delay is usually small when compared to network-induced delays since processor coded with the control algorithm works at a higher speed; hence, for the sake of simplicity, it is usually ignored in the analysis of NCS. But, if the processor speed is slow, then the effects of the computational delay in the controller cannot be neglected. Three main issues raised in NCS are network-induced delay, data transmission dropout, and bandwidth and packet size constraints. As is known, network induced delay can significantly degrade the performance and even lead to instability of NCS, so the maximum allowable size of network-induced delay are an important indexes in the sense of guaranteeing system stability. Many researchers have studied stability analysis and controller design for NCS with linear controlled plant (namely, linear NCS) in the presence of network-induced delay [2] [3] [4] . Without loss of generality, a model of closed-loop MIMO NCS with structured uncertainties and multiple state time-delays is given [5] .
Fuzzy control is a useful approach to solve the control problems of nonlinear systems. Takagi-Sugeno (T-S) fuzzy system proposed by [6] is a popular and convenient tool to approximate nonlinear systems because of its simple structure with local dynamics. Descriptor system, which are also referred to as singular systems, implicit systems , generalized state-space systems, differential-algebraic systems, have been extensively studied for many years as descriptor systems are more general and natural in describing the practical dynamical systems than standard state-space systems. In [7] , a fuzzy model in the descriptor form is introduced, and stability and stabilization problems for the system are addressed. Recently, more and more attention has been paid to the study of fuzzy descriptor systems [8] [9] [10] . Therefore, it is meaningful to employ fuzzy descriptor model in NCS systems design. However, to the best of our knowledge, the fuzzy descriptor NCS with time-delay has not yet been fully investigated.
Since 2001, both delay-dependent [11] [12] and delayindependent [13] [14] stability conditions for singular time-delay systems have been derived by using the time domain method. Generally speaking, delay dependent conditions are less conservative than the delayindependent ones, especially when the size of delay is small. Moreover, in engineering practice, information on the delay range is generally available.
To obtain delay-dependent conditions, many efforts have been made in the literature, among which the model transformation technique and bounding technique on cross product terms are often used. While the applying of inequality on bounding some cross terms still led to relative conservatism. The delay-dependent conditions in [12] was derived without using model transformation and bounding technique, while the authors only proposed the criterion for E-exponential stability. Delay-dependent robust stability criteria for time-delay systems with normbounded is investigated in [15] . On the other hand, considerable attention has been paid to the problems of robust stabilization and H ∞ control for time-delays systems [16] [17] [18] [19] . For continuous descriptor time-delay systems, some results on the problem of delay-dependent robust stability/stabilization are given [20] [21] [22] [23] , the delaydependent robust H ∞ control problem for descriptor timedelay system is discussed [24] [25] .
In this article, we mainly study the problem of robust stability of T-S fuzzy descriptor NCS with multiple time delays in state. First, an improved delay-dependent stability criterion for the T-S fuzzy descriptor NCS with multiple time delays is established in terms of LMIs without using any model transformation and bounding technique. Then based on this criterion, we are able to obtain maximum allowable delay bound (MADB) of NCS. Numerical example is given to show the effectiveness of the presented results.
The paper is organized as follows. Section II formulates the problem and gives a continuous model for fuzzy descriptor NCS with multiple time delay. Some preliminaries also included. The main results are presented in Section III. An example is included to demonstrate the power of this method in Section IV. Finally, Section V concludes this paper.
Notations. Throughout this paper, R n denotes the ndimensional Euclidean space, whereas R n×m refers to the set of all n×m real matrices. For real symmetric matrix X, the notation X ≥0 (X > 0) means that the matrix X is positive-semidefinite (positive-definite). The superscript T represents the transpose. The symbol * will be used in some matrix expressions to induce a symmetric structure. 
where
are the premise variables, which are assumed to be independent of the input variable, M ik (k=1,2,…,p) is the fuzzy set and r is the number of if-then rules.
is singular and assume that n q E rank
. A i , A dik , and C i are real constant matrices of appropriate dimensions.
The system disturbance is assumed to belong to
This implies that the disturbance has finite energy.
In view of multi-input and multi-output NCS with many independent sensors and actuators, [15] described the distributed time delays, such as the delays from sensor to controller and the delays from controller to actuator and controller process delay, as multiple state time-delays. By using center-average defuzzier, product inference and singleton fuzzifier, the dynamic system (1) can be expressed by the following global model:
Consider the nominal unforced descriptor system with w(t)=0 described by
To facilitate the discussion, we introduce the following definitions. Considering the network action, our main purpose is to design a state feedback controller
For simplicity, we will use A, (2) and K(t) in (6) . Such that the following resultant closed-loop system
is regular, impulse free and stable with H ∞ performance for any constant time delays k τ satisfying τ τ < < k 0 .
III. MAIN RESULT
In this section we will give a solution to the delaydependent robust H ∞ control problem formulated previously by using LMI technique. Initially, we present the following theorem for the nominal unforced system
to be regular, impulse free and stable, which will play a key role in solving the aforementioned problem Theorem 1: For a prescribed scalar 0 > τ , if there exist matrices
with appropriate dimensions such that the following LMIs hold 0
Then the fuzzy descriptor NCS system (6) 
Proof ： From (10), it is easy to see that 0
, this implies that A 22 is nonsingular, and thus the pair (E, A) is regular and impulse free. Therefore, system (8) is regular and impulse free.
Construct Lyapunov-Krasovskii functional for system (8) as
, Z k , Q k are symmetric positivedefinite matrices to be determined.
Taking the derivative of V(x t ) along with the solution of (8), we have 
Therefore, in the light of Lyapunov-Krasovskii stability theorem, if ∆ < 0 and
for any ζ(t,α) ≠ 0, thus the nominal unforced descriptor system (6) is asymptotically stable. Next, We consider the following index
Noting that we have
Applying Schur complement argument to (15) , it follows from (11) 
, then the following LMI holds: □ Remark 1: Theorem 1 provides the delay-dependent asymptotic stability criteria for nominal NCS (6) . Based on the theorem 1, we can obtain a less conservative MADB τ such that NCS are asymptotically stable by solving the following optimization problems,
Equation (18) is a convex optimization problem and can be obtained efficiently using the MATLAB LMI Toolbox. Now, we concentrate on the design of a state feedback controller of the form (6) which guarantees the resultant closed-loop system (7) to be regular. Based on Theorem 1, we obtain the following theorem.
Theorem 2. For prescribed scalars 0 > τ and γ >0, there exists a state feedback controller (6) such that the closedloop fuzzy descriptor system (7) is regular, impulse-free and stable with H ∞ performance γ for any constant time 
In this case, a desired state feedback controller is given by
Proof Using inequality (10), we have
Then pre-, post-multiplying both sides with T P − , 1 − P , and defining
, we can obtain (20) . Pre-, post-multiplying both sides of inequality (11) with diag{
T P − , I } and its transpose, and defining
By Schur complement, we can obtain 0 < Ξ k is the same as (21) .
Therefore, we can see the closed-loop fuzzy descriptor system (7) . The proof is completed. □ Remark 2: In the proof of these heorems , it is noted that neither model transformation nor bounding technique for cross terms, which are usually used in the existing results, is required. Hence, the derivation procedure is simpler and these theorems are less conservative than the existing ones. Remark 3: If E=I, Theorems in this paper can be regarded as an extension of standard state-space fuzzy systems with multiple time-delay.
V. ILLUSTRATIVE EXAMPLES
In order to demonstrate the validity of the proposed methods, a numerical example is involved to illustrate the effectiveness of the proposed criteria. A T-S fuzzy descriptor system with multiple time delay is described as follows. It is supposed that x 1 is measurable online.
If x 1 is P, then 
Here the membership functions of P and N are given as follows: According to Theorem 2 and using MATLAB LMI Toolbox, it is found that the maxium bound of time-delay is 7832 . . From Fig 1, we can see that the states x 1 and x 2 asymptotically converge to zero.
VI. CONCLUSION
In this paper, we firstly model fuzzy descriptor NCS with network induced delays for a class of fuzzy descriptor systems with multiple time delays in state. Based on the model, utilizing the Lyapunov stability theories combined with LMIs techniques, a new stability criteria in terms of LMIs is proposed. The criterion is obtained without using any model transformation and bounding technique. Applying the delay-dependent robust stability criteria proposed here to solve the robust control problem for fuzzy descriptor NCS , such as H∞ control, guaranteed cost control, variable structure control and so on, will be interesting topics for further research.
